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VegT is an essential maternal regulator of germ layer specification in Xenopus. The localization of VegT mRNA to the
vegetal cortex of the oocyte during oogenesis ensures its inheritance by vegetal and not animal cells, and directs the
differentiation of vegetal cells into endoderm. Similarly localized mRNAs, Vg1 and Bicaudal-C, are also inherited by vegetal
cells, while germ plasm-associated mRNAs, such as Xcat2, become incorporated into vegetally derived primordial germ
cells. Although mRNA localization is clearly important for tissue specification, the mechanism of mRNA anchoring to the
oocyte vegetal cortex is not understood. Here, we examine the role of VegT in cortical localization. We report that depletion
of VegT mRNA caused the release of Vg1 mRNA from the vegetal cortex and a reduction of Vg1 protein, without affecting
the total amount of Vg1 transcript. Furthermore, we found that Bicaudal-C and Wnt11 mRNAs were also dispersed, but not
degraded, by VegT depletion, while the localization of Xcat2 and Xotx1 mRNAs was unaffected. This effect was specific to
the loss of VegT mRNA and not VegT protein, since a morpholino oligo against VegT, that blocked translation without
degrading mRNA, did not disperse the vegetally localized mRNAs. Therefore, a subset of localized mRNAs is dependent on
VegT mRNA for anchoring to the vegetal cortex, indicating a novel function for maternal VegT mRNA. © 2001 Elsevier Science
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Cytoplasmic localization has long been recognized as an
important mechanism by which cells derived from the
totipotent egg become determined to specific fates. In
Xenopus, the vegetal cortical cytoplasm of the oocyte is the
site of localization of several important maternal mRNAs
(reviewed in King et al., 1999; Mowry and Cote, 1999; Kloc
et al., 2001). Two classes of vegetal mRNAs have been
identified that differ in the timing of localization and
distribution in the oocyte (Kloc and Etkin, 1995). Tran-
scripts of the “early” class (METRO class) are localized to
the mitochondrial cloud in the early oocyte before redistri-
bution to the germ plasm at the vegetal cortex. Transcripts
of the “late” class are not localized in early oocytes, do not
associate with the mitochondrial cloud, and become dis-
tributed to a broad domain of the vegetal cortex in older
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All rights reserved.oocytes. The “early” class includes the nanos family mem-
ber, Xcat2 (Mosquera et al., 1993), the germ cell-associated
protein, Xpat (Hudson and Woodland, 1998), the Xenopus
ortholog of the Drosophila orthodenticle gene, Xotx1
(Pannese et al., 2000), and the signaling factor, Wnt11 (Ku
and Melton, 1993). The “late” class includes the T-box
transcription factor, VegT (Lustig et al., 1996; Stennard et
al., 1996; Zhang and King, 1996; Horb and Thomsen, 1997),
the TGFb-related factor, Vg1 (Melton, 1987; Weeks and
Melton, 1987), and the RNA-binding protein, Bicaudal-C
(Wessely and De Robertis, 2000). Although much is known
about the processes by which these mRNAs are translo-
cated to the vegetal cortical cytoplasm, the mechanism by
which mRNAs remain anchored to this site is not under-
stood (King et al., 1999; Mowry and Cote, 1999; Kloc et al.,
2001).
The mechanisms of vegetal mRNA anchoring have been
studied by the analysis of UTR elements, the identification
of UTR-binding proteins, the disruption of the cortical
cytoskeleton, and the destruction of vegetal mRNAs. Mu-
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has led to the identification of elements required for local-
ization to the cortex (King et al., 1999). Recently, a proline-
rich protein (Prrp) was shown to bind the 39 UTRs of Vg1
and VegT. Prrp also interacts with two microfilament-
associated proteins, Mena and Profilin, suggesting a pos-
sible role for Prrp in linking vegetal mRNAs to the actin
cytoskeleton (Zhao et al., 2001). However, this and other
analyses of UTR sequences have not uncoupled transloca-
tion to the oocyte cortex from anchoring, and therefore the
cis-elements required for mRNA anchoring have not been
defined (Zhou and King, 1996; Gautreau et al., 1997).
The dependence of vegetal mRNA localization on corti-
cal cytoskeletal elements has been examined by disruption
of microfilament and microtubule organization. Treatment
of older oocytes with cytochalasin B causes a release of all
mRNAs from the vegetal cortex and nocodazole has no
effect at this stage, indicating a role for microfilaments, but
not microtubules, in anchoring (Yisraeli et al., 1990; Kloc
and Etkin, 1995). However, nearly 50% of Vg1 mRNA is
present in a detergent-insoluble fraction following cytocha-
lasin B treatment, suggesting that the anchoring complex is
still intact, but has peeled away from the plasma membrane
(Yisraeli et al., 1990; Kloc and Etkin, 1995; Bubunenko and
King, 2001). Given this persistence of Vg1 mRNA in an
insoluble complex and the ability of cytochalasin B to
disrupt cytokeratin filaments, in addition to microfila-
ments, the cytoskeletal requirements for mRNA anchoring
remain unclear. The observation that Vg1 mRNA is en-
riched in a detergent-insoluble fraction of oocyte cytoplasm
devoid of actin and tubulin suggests an involvement of
cytokeratins in mRNA anchoring (Pondel and King, 1988;
Yisraeli et al., 1990; Gard et al., 1997), but no direct studies
have been carried out. Upon oocyte maturation, Vg1 and
VegT mRNAs are released from the vegetal cortex, while
germ plasm-associated mRNAs remain localized. Although
cytokeratin filaments also break down during maturation,
their depolymerization occurs long after Vg1 mRNA is
released from the cortex (Klymkowsky et al., 1991). Thus,
while it is clear that vegetal mRNAs are associated with the
cytoskeletal framework of the vegetal cortex, the anchoring
mechanism is not known.
The involvement of a vegetal RNA in anchoring was
demonstrated by the analysis of Xlsirts, a noncoding repeat
RNA that localizes to the germ plasm in early oocytes (Kloc
et al., 1993). Antisense oligonucleotide-mediated degrada-
tion of Xlsirts RNA in early oocytes resulted in the release
of Vg1 mRNA, but not Xcat2 mRNA, from the vegetal
cortex, suggesting an important role for this noncoding
transcript in vegetal anchoring (Kloc and Etkin, 1994).
However, Xlsirts is not detected in full-grown oocytes,
suggesting that other factors must be directly involved in
anchoring.
In previous work, the function of VegT was examined by
using antisense oligonucleotides that deplete VegT, and
these studies demonstrated that VegT is essential for the
formation of the endodermal and mesodermal germ layers
© 2001 Elsevier Science. A(Zhang et al., 1998; Kofron et al., 1999; Xanthos et al.,
2001). In this study, the antisense depletion approach is
used to determine whether VegT mRNA is required for the
normal distribution of other vegetal mRNAs. We report
that depletion of VegT mRNA caused the release of Vg1
mRNA from the vegetal cortex and a near complete loss of
Vg1 protein. VegT mRNA degradation also resulted in the
release of Bicaudal-C and Wnt11 mRNAs, but had no effect
on Xcat2 or Xotx1 localization. For each of the released
mRNAs, total transcript levels in the oocyte were unaf-
fected by VegT depletion. This effect on mRNA anchoring
was a result of VegT mRNA depletion, and not due to the
absence of VegT protein, since an antisense morpholino
oligo against VegT, which blocks protein translation with-
out degrading the target mRNA, did not affect the vegetal
mRNAs. Therefore, we conclude that a subset of localized
mRNAs is dependent on VegT mRNA for anchoring to the
vegetal cortex, indicating a novel function for maternal
VegT mRNA.
MATERIALS AND METHODS
Oocytes and embryos. Full-grown oocytes were manually de-
folliculated and cultured in oocyte culture medium (OCM) as
described previously (Zuck et al., 1998). Oocytes were injected at
the vegetal pole with oligo and cultured for a total of 24–48 h at
18°C before fertilization. In preparation for fertilization, oocytes
were stimulated to mature by the addition of 2 mM progesterone to
the OCM and cultured for 12 h. Oocytes were then labeled with
vital dyes and introduced into a stimulated female by using the
host–transfer technique described previously (Zuck et al., 1998).
Three hours after being placed in the frog’s body cavity, the eggs
were collected and fertilized in vitro along with host eggs. Embryos
were maintained in 0.13 MMR and experimental embryos were
sorted from host embryos. Unfertilized eggs and abnormally cleav-
ing embryos were removed from all batches. For the rescue experi-
ment described in Fig. 1, 100 pg of VegT mRNA was injected into
the vegetal pole of the oocyte 24 h after injection of the antisense
oligo.
Oligonucleotides and mRNA. The chimeric phosphorothioate/
phosphodiester oligo was complementary to nucleotides 353–370
of VegT: 59-C*A*G*C*AGCATGTACT*T*G*G*C-39, with “*”
indicating phosphorothioate bonds (Genosys/Sigma). The Cyr61
and Gata5 antisense chimeric oligos were as previously described.
The chimeric oligos were HPLC-purified, resuspended in sterile
filtered water, and injected at 5–7 ng per oocyte. The morpholino
oligo was complementary to nucleotides 74–98 of VegT (59-
CCCGACAGCAGTTTCTCATTCCAGC-39) and was injected at
30 ng per oocyte (Gene Tools). Capped in vitro transcribed VegT
mRNA was synthesized by using the Message Machine kit (Am-
bion) and pCS2-VegT as template (Zhang and King, 1996).
Western blot analysis. For Xenopus extract preparation, em-
bryos or oocytes were lysed (10 ml per embryo) in 0.1 M Tris–HCl
(pH 6.8) supplemented with protease inhibitors. The extracts were
cleared by centrifugation and half an embryo/oocyte equivalent
was loaded per well for Western analysis. An anti-Vg1 monoclonal
antibody (clone D5) (Tannahill and Melton, 1989) was used at a
1:1000 dilution and was detected with a 1:3000 dilution of anti-
mouse IgG-peroxidase by chemiluminescence (Amersham). As a
ll rights reserved.
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antibody against the ubiquitous hnRNPK (clone 3C2) (Matunis et
al., 1992).
In situ hybridization and histology. Whole-mount in situ
hybridization was performed as described (Sive et al., 2000). Hy-
bridized probe was detected by using alkaline phosphatase conju-
gated to anti-digoxigenin Fab fragments and BMpurple (Boehringer-
Mannheim) as substrate for color development. Antisense probes
were synthesized from linearized plasmid DNA by using the
Megascript kit (Ambion) supplemented with 2 mM digoxigenin-11-
UTP (Boehringer-Mannheim). Antisense in situ probes were syn-
thesized from linearized pBS-Bicaudal-C (Wessely and De Robertis,
2000), pSPORT1-Xcat2 (Mosquera et al., 1993), pBS-Xotx1 (M.
Deardorff, unpublished), pSP70-Vg1 (Tannahill and Melton, 1989),
and pGEM-Wnt11 (Ku and Melton, 1993). Histological sections (20
mm) were prepared from stained oocytes by using standard methods
(Sive et al., 2000), and dewaxed sections were coverslipped with
Permount without counterstaining.
Reverse transcription–polymerase chain reaction. For real-
time RT-PCR, total RNA was prepared from oocytes and embryos
using the proteinase K method, treated with RNase-free DNase1,
and cDNA was synthesized as described (Zhang et al., 1998;
Xanthos et al., 2001). PCR was carried out using a LightCycler
System (Roche), allowing simultaneous amplification and fluores-
cence detection using a kinetic approach. LightCycler PCRs were
set up in microcapillary tubes by combining cDNA with a 23
SYBR Green I (Roche Molecular Biochemicals) master mix contain-
ing PCR primers, MgCl2, and SYBR Green. The final concentra-
tions of the reaction components were 1.0 mM each primer, 2.5
mM MgCl2, and 13 SYBR Green. To compare mRNA levels in
depleted oocytes and embryos relative to controls, a dilution series
of control cDNA was made and assayed in each LightCycler run.
Other controls included in each run were a no reverse transcriptase
and water blank samples. These were negative in all cases and have
not been included in the figures. After each elongation phase, the
fluorescence of SYBR green (a double-stranded DNA-binding dye
FIG. 1. Reduction of Vg1 protein levels with VegT depletion.
Oocytes were injected with 5 ng of chimeric phosphorothioate/
phosphodiester antisense oligo directed against VegT (asVegT),
Cyr61 (asCyr61), or Gata5 (asGata5). Following oocyte culture,
maturation, reimplantation, and fertilization, embryos were col-
lected at the 32-cell (stage 5, lanes 5–11), the early blastula (stage 7,
lanes 1 and 2), or the midgastrula (stage 11, lanes 3 and 4) stage.
Extracts were analyzed by Western blotting using monoclonal
antibodies against Vg1 (clone D5) and hnRNPK (clone 3C2) as a
loading control. To rescue VegT protein levels, VegT-depleted
oocytes were injected with 100 pg of in vitro-transcribed VegT
mRNA (lane 11).that produces a fluorescent signal proportional to the DNA con-
© 2001 Elsevier Science. Acentration) was measured at a temperature 1°C below the melt-
ing point for the PCR product being analyzed. This permits
quantification of fluorescence levels in real time and plotting
of the log-linear phase of amplification as the reaction proceeds.
LightCycler quantification software (v3) was used to compare
amplification in experimental samples during the log-linear phase
to the standard curve from the dilution series of control cDNA. For
each primer pair used, conditions were optimized so that melting
curve analysis showed a single melting peak after amplification,
indicating a specific product. For radioactive RT-PCR analysis,
embryos were processed as described (Sasai et al., 1995) using
primers for Bicaudal-C (Wessely and De Robertis, 2000), Ornithine
decarboxylase, and VegT (Agius et al., 2000).
RESULTS
Depletion of maternal VegT, by injection of Xenopus
oocytes with an ant i sense phosphoroth ioate /
phosphodiester chimeric oligo, prevents the formation of
embryonic mesoderm and endoderm (Zhang et al., 1998;
Kofron et al., 1999; Xanthos et al., 2001). To determine
whether VegT depletion affected other vegetally localized
mRNAs, Vg1 mRNA and protein levels (Rebagliati et al.,
1985) were examined in VegT-depleted oocytes and em-
bryos. Extracts of embryos were analyzed by Western blot-
ting with a Vg1 monoclonal antibody. Endogenous Vg1
precursor protein was detected as a 46-kDa doublet in con-
trol embryos, and no mature protein was detected (Fig. 1,
and data not shown). Interestingly, in VegT-depleted em-
bryos, a near complete reduction of Vg1 protein was ob-
served in 32-cell (stage 5), early blastula (stage 7), and mid-
gastrula (stage 11) embryos (Fig. 1, lanes 1–6). A similar
reduction of Vg1 protein was observed in depleted oocytes
(data not shown). For both depleted oocytes and embryos,
FIG. 2. Vg1 mRNA levels are unaffected by VegT depletion. Vg1
mRNA levels were examined in uninjected (Control Stage 9) and
VegT-depleted embryos (VegT–Stage 9) by real-time RT-PCR. As a
control, Plakoglobin mRNA levels were also examined. Transcript
levels are presented as raw LightCycler values without normaliza-
tion.
ll rights reserved.
380 Heasman et al.FIG. 3. VegT depletion disrupts vegetal localization of Vg1 mRNA. Vg1 mRNA localization was examined by whole-mount in situ
hybridization of uninjected oocytes (Control) and oocytes injected with 30 ng of a morpholino oligo (VegT Morpholino) or 7 ng of chimeric
phosphorothioate/phosphodiester oligo (VegT Thioate). The results shown are representative of three independent experiments (n 5 15–20 per
sample in each experiment). (A–C) Vegetal localization of Vg1 mRNA was observed in 100% of uninjected and morpholino oligo-injected oocytes
and in 5% of chimeric oligo-injected oocytes. (D–F) Histological sections (20 mm) of stained oocytes showing localized Vg1 mRNA (arrowheads)
at the vegetal cortex of uninjected and morpholino oligo-injected oocytes, but not in chimeric oligo-injected oocytes. The staining adjacent to the
germinal vesicle (GV) is nonspecific and was also observed in sense probe controls (data not shown). (G–I) Sibling embryos cultured to the tailbud
stage displayed a complete loss of axis formation with VegT depletion by the morpholino or chimeric antisense oligos. Vegetal (A–C), Sagittal
(D–F), ventral–anterior to right (G), and lateral views (H, I) are shown. Scale bar, 0.6 (A–C), 0.2 (D–F), and 0.4 mm (G–I).
FIG. 4. Mislocalization of multiple vegetal mRNAs with VegT depletion. Whole-mount in situ hybridization analysis of Bicaudal-C (A–C;
BicC), Xotx1 (D–F), Wnt11 (G–I), and Xcat2 (J–L) localization in uninjected oocytes (Control) and oocytes injected with 30 ng of morpholino
oligo (VegT Morpholino) or 7 ng of chimeric oligo (VegT Thioate). The results shown are representative of three independent experiments
(n 5 15–20 per sample in each experiment). Vegetal localization of each mRNA was observed in 100% of uninjected and morpholino
oligo-injected oocytes. While vegetal localization of Xotx1 and Xcat2 was observed in 95–100% of chimeric oligo-injected oocytes,
localization of Bicaudal-C and Wnt11 was observed in less than 10% of oocytes. Vegetal views are shown. Scale bar, 0.5 mm.
© 2001 Elsevier Science. All rights reserved.
381VegT Depletion and mRNA Mislocalizationquantification of Western blots indicated an ;85% reduc-
tion of Vg1 protein (data not shown). As a control for non-
specific effects of oligo injection, oocytes were injected
with oligos of the same type and concentration, directed
against Cyr61 and Gata5, maternal mRNAs that are not
vegetally localized (Kireeva et al., 1997; Weber et al., 2000).
Vg1 protein was examined at the 32-cell stage and neither
oligo affected Vg1 levels (Fig. 1, lanes 7 and 8).
The loss of Vg1 protein with depletion of VegT may result
from degradation of Vg1 mRNA, either as a consequence of
VegT depletion or due to an unexpected targeting of Vg1
FIG. 5. VegT depletion does not affect the steady-state levels of
mRNA levels in VegT-depleted oocytes (lanes 1–4) and embryos (la
3, 4, 7, 8) oocytes and embryos were collected in duplicate and Orn
RT-PCR analysis of Xcat2, Wnt11, Xotx1, and Vg1 mRNA levels i
and embryos (VegT2). Transcript levels are presented as raw Light
each sample is indicated above each bar.mRNA by the VegT antisense oligo. Vg1 mRNA levels were
© 2001 Elsevier Science. Aexamined by real-time RT-PCR and no reduction was
observed in VegT-depleted embryos or oocytes, relative to
control samples (Figs. 2 and 5B). Therefore, depletion of
VegT results in a block to Vg1 translation, increased turn-
over of Vg1 protein, or both.
Studies in a variety of systems have shown that proper
localization of mRNAs is required for developmental regu-
lation of translation (Gavis and Lehmann, 1994; Bergsten
and Gavis, 1999; Lipshitz and Smibert, 2000). Therefore, we
considered the possibility that the reduction of Vg1 protein
with VegT depletion may be due to an effect on Vg1 mRNA
tal mRNAs. (A) RT-PCR analysis of Bicaudal-C (BicC) and VegT
–8). Uninjected (lanes 1, 2, 5, 6) and chimeric oligo-injected (lanes
e Decarboxylase (ODC) served as a loading control. (B) Real-time
njected oocytes and embryos (Control) and VegT-depleted oocytes
er values without normalization. The exact LightCycler value forvege
nes 5
ithin
n uni
Cycllocalization. To determine whether Vg1 mRNA localiza-
ll rights reserved.
382 Heasman et al.tion to the vegetal cortex was disrupted by VegT depletion,
VegT-depleted oocytes were analyzed by whole-mount in
situ hybridization. Vg1 mRNA was localized to a broad
domain of the vegetal cortex in uninjected oocytes (Fig. 3A)
(Melton, 1987; Weeks and Melton, 1987). However, vegetal
localization of Vg1 mRNA was not observed in VegT-
depleted oocytes (Fig. 3C). To further assess the localization
of Vg1 mRNA, oocytes were sectioned. While punctate
staining for Vg1 mRNA was present at the vegetal cortex of
uninjected oocytes, no localized Vg1 mRNA, either cortical
or subcortical, was observed in the VegT-depleted oocytes
(Figs. 3D and 3F). We note that, in comparison to a sense
probe control, weak uniform Vg1 staining was apparent in
depleted oocytes, consistent with dispersion of Vg1 mRNA
throughout the oocyte (data not shown). So while Vg1
mRNA levels were unaffected by VegT depletion, the local-
ization of Vg1 mRNA to the vegetal cortex was disrupted.
Since the injection of the chimeric oligo depletes both
VegT mRNA and protein, we considered whether the pro-
tein, the transcript, or both are required for Vg1 mRNA
localization and translation. Given that VegT protein accu-
mulation is not detected until after ovulation (Stennard et
al., 1999), Vg1 mRNA localization is most likely dependent
on VegT mRNA, and not VegT protein. This idea was tested
by VegT mRNA injection to rescue VegT protein levels and
by morpholino antisense oligo injection to block VegT
translation. Reintroduction of VegT mRNA into VegT-
depleted oocytes restores VegT protein levels and rescues
both the embryonic phenotype and the expression of mo-
lecular markers of differentiated endoderm and mesoderm
(Zhang et al., 1998; Kofron et al., 1999; Xanthos et al.,
2001). For this approach, VegT-depleted oocytes were cul-
tured for 24 h to allow the degradation of both VegT mRNA
and the injected oligo. After the culture period, in vitro
transcribed VegT mRNA was injected into the VegT-
depleted oocytes, and the oocytes were fertilized. While the
restoration of VegT protein rescued the phenotypic effects
of VegT depletion (data not shown; Kofron et al., 1999), Vg1
protein levels and Vg1 mRNA localization were not rescued
(Fig. 1, lanes 9–11; and data not shown). In a second
approach, we injected an antisense morpholino oligo that
prevents translation of VegT protein without depleting
VegT mRNA (Summerton and Weller, 1997; Heasman et
al., 2000) and examined the effect on Vg1 localization. In
contrast to the chimeric oligo, the morpholino oligo did not
disrupt the localization of Vg1 mRNA (Figs. 3B and 3E).
Taken together, the results argue that depletion of VegT
mRNA, but not the absence of VegT protein, is responsible
for the effects on Vg1.
For each experiment, the efficacy of the VegT antisense
oligos was assessed by RT-PCR analysis of VegT mRNA and
by the development of the characteristic embryonic pheno-
type. Injection of the phosphorothioate/phosphorodiester
oligo depleted VegT mRNA (Fig. 5A and data not shown)
and caused severe embryonic defects (Fig. 3I). The morpho-
lino oligo did not effect VegT mRNA levels, but the
resulting developmental defects were morphologically
© 2001 Elsevier Science. Aidentical to those observed with chimeric oligo injection
and VegT mRNA injection fully rescued the defects caused
by either oligo (Fig. 3H and data not shown).
To determine whether the depletion of VegT mRNA
affects other vegetal mRNAs, the localization and mRNA
levels of Bicaudal-C (Wessely and De Robertis, 2000),
Wnt11 (Ku and Melton, 1993), Xcat2 (Mosquera et al.,
1993), and Xotx1 (Pannese et al., 2000) were examined.
While each is localized to the vegetal cortex during oogen-
esis, these mRNAs represent two classes of vegetal mRNAs
that differ in the timing of localization and in vegetal
distribution (Kloc and Etkin, 1995; Kloc et al., 1996, 2001;
King et al., 1999; Mowry and Cote, 1999). Transcripts of the
“early” class, represented by Xotx1, Wnt11, and Xcat2, are
initially localized to the mitochondrial cloud and are redis-
tributed to a limited domain of the vegetal cortex that
contains the germ plasm. The “late” class includes
Bicaudal-C, VegT, and Vg1, mRNAs that are not localized
in early oocytes, do not associate with the mitochondrial
cloud, and become localized to a broad vegetal domain of
the cortex. To assess mRNA localization, oocytes injected
with morpholino or chimeric antisense oligos were ana-
lyzed by in situ hybridization. Each mRNA remained local-
ized to the vegetal cortex in uninjected and in morpholino
oligo-injected oocytes. However, a subset of these mRNAs
was released from the vegetal cortex with injection of the
chimeric oligo (Fig. 4). While Xotx1 and Xcat2 were unaf-
fected by VegT depletion, Bicaudal-C and Wnt11 were not
retained at the vegetal cortex. Examination of sections of
VegT-depleted oocytes confirmed that the vegetal cortex
retained no detectable Bicaudal-C mRNA (data not shown).
For Wnt11, mRNA levels at the vegetal cortex were unde-
tectable or greatly reduced in depleted oocytes (data not
shown). Steady-state mRNA levels were examined by RT-
PCR and each mRNA, even those affected by VegT deple-
tion, was present at normal or slightly elevated levels
relative to uninjected controls (Fig. 5). Therefore, maternal
VegT mRNA, localized to the vegetal cortex, is required for
vegetal anchoring of multiple mRNAs.
DISCUSSION
The mislocalization of Bicaudal-C, Vg1, and Wnt11 is an
unpredicted consequence of depleting maternal VegT
mRNA. While Bicaudal-C, VegT, and Vg1 are members of
the same class of localized mRNAs, Wnt11 is localized by a
distinct pathway and, therefore, an interaction with VegT is
unexpected. Although the two pathways differ in the tim-
ing of localization and vegetal distribution, our results
suggest an intersection of these pathways, with the “late”
class and a subset of the “early” class dependent on VegT
mRNA for proper localization. An interaction between the
localization pathways is also suggested by a number of
previous observations. For example, when Xcat2 or Xpat,
another “early” mRNA, is injected into older oocytes, these
mRNAs localize to a broad Vg1-like cortical domain, rather
ll rights reserved.
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1996; Hudson and Woodland, 1998). Therefore, mRNAs
that localize via the mitochondrial cloud can respond to the
same mechanism as those in the larger vegetal domain. It
has also been suggested that the mitochondrial cloud may
be a site of transient intersection of the two pathways (Kloc
and Etkin, 1998; Chan et al., 2001). In addition, the recently
identified Xenopus Prrp protein can bind to the 39 UTRs of
Vg1 and VegT, while its human ortholog binds to the DAZ
mRNA, a human germ cell-specific protein (Tsui et al.,
2000; Zhao et al., 2001). Interestingly, Xenopus DAZ-like
mRNA is localized by the “early” pathway and is restricted
to the germ plasm domain of the oocyte cortex (Houston et
al., 1998). These observations support a possible interaction
of VegT mRNA with a subset of mRNAs at the vegetal
cortex. Specifically, our results suggest a requirement for
VegT in mRNA anchoring, rather than vegetal transloca-
tion, since vegetal mRNAs were already localized to the
cortex at the time of VegT depletion.
Two different mechanisms may account for the reduction
of Vg1 protein with mislocalization of Vg1 mRNA. Vg1
may be under translational regulation, with vegetal local-
ization of Vg1 mRNA required for translation. Alterna-
tively, it may be that mislocalization of Vg1 mRNA leads to
a destabilization of Vg1 protein. Consistent with a transla-
tional mechanism, Wilhelm et al. (2000) have shown that a
region of the Vg1 39 UTR, distinct from the vegetal local-
ization elements, mediates translational repression of Vg1
mRNA that is not localized to the vegetal cortex. This
mechanism is further supported by the observation that
endogenous Vg1 protein does not accumulate in the oocyte
until Vg1 mRNA is localized to the vegetal cortex (Tanna-
hill and Melton, 1989). In our experiments, antisense oligo
is injected into full-grown oocytes (stage VI), a stage at
which Vg1 mRNA is already localized to the vegetal cortex.
Therefore, we suspect that VegT depletion causes a prema-
ture release of Vg1 mRNA from the vegetal cortex, and once
released, the mRNA is no longer translated. The results are
consistent with a role for VegT mRNA in anchoring Vg1
mRNA to the vegetal cortex. This interpretation also sug-
gests that Vg1 protein synthesized prior to oligo injection
turns over during the culture period following injection.
However, we cannot discount the possibility that release of
Vg1 mRNA may lead to destabilization of Vg1 protein in
the oocyte. We note that a small amount of Vg1 protein is
produced in the fertilized egg following release of vegetal
mRNAs (Tannahill et al., 1989), and this suggests that
translational repression of Vg1 may not be in effect follow-
ing fertilization. Consistent with this idea, a low level of
Vg1 protein (,15% of normal levels) was detected in
VegT-depleted embryos (data not shown).
In light of the uncertainty about the mechanism of
mRNA anchoring, our description of a requirement for
VegT mRNA may facilitate further analysis of the anchor-
ing process. The ability of Prrp to interact with the 39 UTRs
of VegT and Vg1, as well as two microfilament-associated
proteins, suggests a possible link between the localized
© 2001 Elsevier Science. AmRNAs and the cortical actin cytoskeleton, a link that
might be disrupted by the degradation of VegT mRNA.
However, the localization of Xotx1 and Xcat2 was unaf-
fected by VegT depletion, demonstrating that VegT is not
required for anchoring of all vegetal mRNAs. Furthermore,
the observation that Wnt11 is affected by VegT depletion,
but Xotx1 is not, argues against a simple spatial relation
between VegT and the affected mRNAs. Clearly, a bio-
chemical analysis will be required to determine how VegT
interacts with other mRNAs in the anchoring complex, and
why this interaction is limited to a subset of vegetal
mRNAs.
A recent study by Alarcon and Elinson (2001) reports an
analysis of vegetal mRNA anchoring, and their results have
important similarities to our work. To assess the cytoskel-
etal and membrane requirements for vegetal mRNA an-
choring, intact oocytes or isolated vegetal cortex prepara-
tions were treated with cytochalasin B, an anti-cytokeratin
antibody, colcemid, or Triton X-100. A subset of vegetal
mRNAs was released with disruption of the cytokeratin
network, but disruption of actin microfilaments or micro-
tubules did not effect anchoring. Treatment of isolated
vegetal cortex preparations with Triton X-100 disrupted
endoplasmic reticulum organization and caused a partial
release of the same mRNAs released by cytokeratin disrup-
tion. It is striking that the anti-cytokeratin antibody and
Triton X-100 resulted in the release of Vg1 and Wnt11
mRNA, but not Xcat2, identical to the effects of VegT-
depletion in our experiments. Together, these results indi-
cate that VegT mRNA is part of an endogenous anchoring
complex that includes cytokeratins and the endoplasmic
reticulum, and this complex is required for retention of a
subset of mRNAs at the vegetal cortex.
The disruption of vegetal anchoring with VegT depletion
is strikingly similar to the depletion of Xlsirts, a noncoding
repeat RNA that localizes to the germ plasm in early
oocytes (Kloc et al., 1993). Injection of an antisense oligo
directed against Xlsirts resulted in the release of Vg1
mRNA, but not Xcat 2, from the vegetal cortex (Kloc and
Etkin, 1994). Since Xlsirts is not detected in full-grown
oocytes, it cannot be directly responsible for anchoring
mRNAs at this stage, but it is possible that Xlsirts acts as a
structural RNA in early oocytes to organize cytoskeletal
components of the anchoring complex. Whether VegT and
Xlsirts provide similar functions in anchoring is not yet
clear, but the requirement for each in anchoring a subset of
mRNAs establishes a role for vegetal RNAs in maintaining
localization following translocation to the vegetal cortex.
Further antisense studies are required to determine whether
other mRNAs, such as Bicaudal-C, Vg1, or Wnt11, share
this role in the oocyte. In particular, it will be interesting to
determine if VegT anchoring and/or translation is disrupted
by depletion of other vegetal mRNAs.
The mislocalization of multiple mRNAs with VegT
depletion raises another important question: does the re-
lease of Vg1, Bicaudal-C, and Wnt11 from the vegetal
cortex contribute to the embryonic defects observed with
ll rights reserved.
384 Heasman et al.VegT depletion? Each of these genes has the potential to
play an important role in the early development of Xeno-
pus. Processed Vg1 is a potent inducer of mesoderm and
endoderm (Thomsen and Melton, 1993; Kessler and Melton,
1995; Kessler, 1999). Although it is unclear under what
conditions, if any, active Vg1 protein is produced, it is
possible that Vg1 is required for formation of the mesoder-
mal and endodermal germ layers (Joseph and Melton, 1998).
Wnt11 regulates cell movements and morphogenesis during
gastrulation (Heisenberg et al., 2000; Tada and Smith,
2000). Bicaudal-C is an endoderm inducer and may function
as an RNA-binding protein to regulate translation of germ
layer determinants (Wessely and De Robertis, 2000). It has
been suggested that Bicaudal-C may stimulate Vg1 transla-
tion, raising the possibility that release of Bicaudal-C
mRNA with VegT depletion may contribute to the observed
reduction in Vg1 protein. Given the failure of mesodermal
and endodermal development with VegT depletion, it may
be that mislocalization of Bicaudal-C and Vg1 contributes
to these embryonic defects.
The germ layer defects of VegT-depleted embryos can be
fully rescued by injection of VegT mRNA and this result
indicates that the absence of VegT protein is responsible for
the mesodermal and endodermal defects (Zhang et al., 1998;
Kofron et al., 1999). This rescue experiment also suggests
that the vegetal accumulation of Bicaudal-C, Vg1, and
Wnt11 is not essential for germ layer development. Alter-
natively, it may be that although these genes are required
for normal development, VegT mRNA injection can still
rescue. This could be explained if the maternal role of these
genes had already have been fulfilled at the time of VegT
depletion or if overexpressed VegT can act downstream of
Bicaudal-C, Vg1, and Wnt11, thus bypassing the require-
ment for these genes. A more compelling argument for a
specific requirement for VegT protein comes from the
injection of the antisense morpholino oligo. Injection of the
morpholino oligo is predicted to prevent the accumulation
of VegT protein without affecting the localization or trans-
lation of other vegetal mRNAs (Summerton and Weller,
1997; Heasman et al., 2000), and the resulting embryonic
defects are indistinguishable from those observed with the
chimeric oligo. Therefore, the germ layer defects can be
attributed to a specific loss of VegT function. A more
detailed comparison of VegT-depleted embryos injected
with morpholino or chimeric oligos may reveal differ-
ences in germ layer formation, or in other aspects of
embryogenesis, such as primordial germ cell formation,
that can be attributed to the mislocalization of vegetal
mRNAs.
In summary, we have identified a novel function for
maternal VegT mRNA in anchoring mRNAs to the vegetal
cortex of the Xenopus oocyte. Given the importance of
mRNA localization and anchoring in limiting the inheri-
tance of regulatory proteins to subsets of embryonic blas-
tomeres, ongoing studies of the phenomenon of cortical
localization are essential for a more complete understand-
ing of embryonic patterning.
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